Abstract: The characterization of pressure induced structural and chemical transformations employing the Diamond Anvil Cell (DAC) technique often requires a high spatial resolution. This is due to the small sample dimensions when the compression reaches the megabar range, or when heterogeneous materials are obtained in pressure induced chemical reactions. The characterization of these samples can be performed by using synchrotron light based techniques, which can provide optical or X-ray spots of few microns, whereas laboratory experiments are limited to Raman spectroscopy. Here we describe a cutting-edge Raman system with a transverse spatial resolution of 1-3 μm dedicated to the characterization of samples compressed in DACs. A few examples of the application of this technique to characterize different heterogeneous materials before and after high-pressure chemical reactions are reported to enlighten the performances of the system.
Introduction
Advances in condensed matter chemistry are intimately connected to the development of methodologies capable to increase as much as possible the number and type of chemical reactions that can be studied. Particularly important, from a fundamental point of view, is the access to conditions where also the simplest molecules react thus allowing their use as model reference systems both from experimental and computational point of view. In this context, the importance of the application of high pressure methods to the study of the reactivity of molecular systems is evident [1] [2] [3] . Pressure is indeed the most powerful tool to change the intermolecular distances in soft materials, like molecular crystals are, thus tuning the interaction strength up to the occurrence of a chemical reaction [4] . The energy excess introduced by compressing the system is indeed minimized first, by changing the relative arrangement of the molecules, then by modifying the molecular structure, i.e. the charge distribution within the molecule, and finally by a complete reconstruction of the bonding scheme. The latter step generally results in the formation of extended materials which can be recovered at ambient conditions, as reported for some polymers and amorphous compounds [5] [6] [7] , revert back to the pristine substances, as observed for the simplest molecules like N 2 [8] , CO 2 [9] [10] [11] and formic acid [12] , or even partly or completely decompose into small molecules different from the starting ones, as observed in carbon monoxide [13] and nitromethane [14] , respectively. Besides inducing chemical reactivity, high pressure methods are extremely powerful also to gain insight at the molecular level on the reaction mechanisms by tuning independently pressure, temperature and photoexcitation. The fine pressure tuning at different temperatures allows to trace phase and instability boundaries also permitting kinetic studies of the transformations. The simultaneous control of pressure and temperature, besides the attainment of thermodynamic parameters such as activation volumes and activation energy, respectively from isothermal and isobaric kinetic studies, also made possible to demonstrate the fundamental role of lattice phonons in triggering reactivity in crystals [15] . Final-ly, a selective electronic excitation permits the charge distribution in the molecule (for example inducing π ! π* transitions) to be modified in such a way that it can behave as a reaction initiator [5, 6, 16] . The latter issue is particularly interesting in view of reducing the pressure threshold for the reaction occurrence, thus making these high pressure reactions also appealing from a synthetic point of view because of a possible scale up of the process to large volume apparatuses nowadays operating on volumes of several litres and pressures up to 1 GPa. The reduced sample dimensions represents the most important factor limiting the methods that can be employed to monitor the reaction evolution and to characterize the reaction product. Vibrational spectroscopic techniques are by far the most employed for this purpose, because they provide direct information on the bond breaking and formation thus allowing the reactive process occurring in the sample to be followed.
FTIR spectroscopy is an extremely powerful technique because the infrared beam can probe the entire sample thus providing, through the absorption changes of reactants and products, quantitative information about the reaction evolution [17] . Moreover, the time evolution of the integrated absorbance of the products or reactant bands, at constant pressure and temperature, represents the kinetic evolution of the reaction that, once reproduced through a suitable model, provides the reaction rate. In addition, the absorption of infrared radiation does not modify the electronic structure of the molecules, thus preventing any photo-catalytic effect [16] and allowing the separation of pressure and light absorption effects on the reactivity. The main drawback of the infrared absorption technique in monitoring highpressure reactions is represented by the difficulty in reducing the focal spot of the IR beam below 40-50 μm in diameter. This problem can be overcome only by using synchrotron beams that, thanks to the brilliance characteristics of the source, allow the spot dimension on the sample to be reduced down to 10 Â 10 μm 2 . Nevertheless, this limitation remains when heterogeneous samples must be characterized with spatial resolution of the micron order. These requirements can be accomplished by using suitably designed Raman set-up which can provide spatial resolution of the order of 2-4 μm also for samples contained in a diamond anvil cell (DAC) and under temperatures ranging from few up to thousand kelvins.
Here we report a careful description of an up-todate Raman set-up specifically developed for the in situ characterization of samples compressed in a DAC. A few examples directed to emphasize the characteristics of spatial resolution of the system in connection with purely pressure induced and photoassisted chemical reactions under high pressure conditions will be discussed.
Raman set-up
A scheme of a typical micro-Raman set up designed for experiments with the Diamond Anvil Cell (DAC) is reported in Fig. 1 . Gas lasers are commonly used as excitation sources. These lasers provide different lines, spanning from the violet to the deep red spectral range. Ti : sapphire lasers can also be employed, with tunable wavelengths in the red/near infrared region. The availability of different excitation lines is crucial to discriminate between Raman and fluorescence peaks. Fluorescence is the main limiting factor in the application of the Raman technique to samples contained in the DAC (see for example Ref. [18] ). The drawback of using blue/ green laser lines consists in the possible fluorescence excitation especially in the study of organic molecules. However, fluorescence signals can also come from the diamond anvils, contributing as a background to the Raman signal of the sample. This background is typically much broader than the Raman peaks, and can be strongly reduced by using a red excitation line. On the other hand, blue/green laser lines have to be used in very high temperature experiments (> 1000 K), where the thermally excited radiation overwhelms the spectra in the red wavelength region.
Another crucial part of the apparatus consists in the objectives which focus the laser beam on the sample and collect the scattered light in a perfect backscattering configuration. The choice of microscope objectives with long working distances is constrained by the small sample size and the DAC geometry. In perfect backscattering geometry the incident and the scattered beam are focused and collected by the same objective. A beam splitter is needed in this case, as indicated in Fig. 1 . Alternatively, a quasi-backscattering configuration can be used, also indicated in Fig. 1 , where the incident beam is focused by a different lens and the beam splitter is not necessary. In this configuration the Raman and fluorescence background signals coming from the diamond anvils are decreased. Whatever scattering configuration is adopted, a spatial filter on the collected optical path should be used. This increases the lateral spatial resolution and reduces the depth of field and as a consequence also the spurious Raman and fluorescence signals of the diamond windows. The cleaned, collimated beam is fi-nally focused either onto a CCD-video camera for visual observation of the sample, or onto the entrance slit of a grating monochromator.
As far as the spectrometer is concerned several options are available. A single grating monochromator (stage 3 in Fig. 1 ) can be used in connection with one or two super plus notch filters. This configuration allows a high throughput, because the optical elements included in the monochromator are very few: only two mirrors and one diffraction grating. Unfortunately, the filters have an important drawback: they completely cancel out the signal within a spectral region as wide as 200-300 cm À1 , around the zero Raman frequency, thereby preventing measurements of low energy Raman modes. To be able to measure the low frequency region of the spectrum (down to a few wavenumbers) avoiding the notch filters, a triple monochromator can be used in subtractive-mode, in conjunction with the CCD detector. The drawback is that the throughput of the triple monochromator is much lower than that of the single stage making this last still preferable when the very low frequency part of the spectrum is not necessary. An overall instrumental linewidth as low as few tenths of wavenumbers can be achieved at 750-800 nm both in the single or triple subtractive configurations. The spectrometer schematically reported in Fig. 1 can be used either as a single or as a triple monochromator by collecting the scattered light onto the entrance slit of stage 3 or stage 1, respectively. As a final step of the Raman set up we consider the CCD detector. Many of these devices are available on the market, Peltier or liquid nitrogen cooled to temperatures below -100 C. The detector noise in these conditions is typically limited to the readout noise only, and it can amount to only a few electrons per pixel. The spectral range of CCDs cover the 200-1000 nm interval, and the maximum quantum efficiency can be higher than 90%. CCDs with enhanced efficiency in the near UV or near IR spectral range are also available, which are relevant for very high temperature or low fluorescence measurements, respectively. In Fig. 1 it is also schematically shown that the DAC can be used in conjunction with high or low temperature apparatus such as a cryostat, an oven or a laser heating set-up, while measuring in situ Raman spectra. High temperature techniques in DACs constitute a broad and rapidly developing field [19] , which is opening new perspectives from fundamental research, Earth sciences [20] and material synthesis [1] point of view. 
Reactions in mixtures and hydrates
Enlightening examples able to demonstrate how Raman spectroscopy can be particularly useful to investigate the high pressure photo-induced chemical reactivity in diamond anvil cells are represented by the photoinduced transformations of clathrate hydrates, fluid mixtures of water and simple molecular systems and heterogeneous mixtures of water and red phosphorus which will be discussed in the following. Here the spatial resolution is mandatory to acquire Raman spectra by placing the laser beam on different areas of the sample where different chemical species can be present. In the above mentioned systems the reaction has been driven by the two-photon excitation of the water molecules using near-UV wavelengths. At room temperature and few tenths of GPa the first excited electronic state of water (Ã(
7.447 eV, 166.5 nm) [21] can be accessed by two-photon absorption of the UV multi-line (UVML) emission of an Ar ion laser centred at +350 nm. This state is dissociative and gives rise to extremely reactive excited species (ȮH, H, H 3 O þ and the solvated electron e À hyd ). In high density conditions, such as those realized in diamond anvil cells, intermolecular distances are reduced and the probability of an effective interaction of the photo-generated fragments with the nearest neighbour molecules becomes comparable with the probability of their recombination, thus triggering the occurrence of chemical reactivity.
Reactions in fluid mixtures and hydrates
Clathrate hydrates are crystalline molecular solids made of water and other small molecules encountered both in space and terrestrial environments. The water molecules, interconnected by hydrogen bonds, build up a three dimensional host framework characterized by the presence of polyhedral cages of different shape and dimensions [22] , where small guest molecules can be hosted. The stability of the system results from the delicate energetic balance between the directional hydrogen bonds of the water molecules, delimiting the edges of the polyhedral cages, and the weak Van der Waals interactions of the guest molecules with the water cages. As a matter of fact, the cage structure would collapse in absence of guest molecules, and clathrate hydrates can exist as solid materials in regions of the phase diagram where the single components are stable as pure gases, fluids or solids.
Recently, the possibility of inducing chemical reactions between the water and the guest molecules composing these systems has been proposed [23] [24] [25] . From a chemical point of view, clathrate hydrates are indeed an excellent solid state reaction environment, as every guest molecule is completely surrounded by the caging water molecules. Playing with pressure and temperature may also represent a future challenge to explore the existence and stability of different clathrate hydrate or filled ice phases and to select them on the basis of the cage occupancy as suitable reaction environments for obtaining target products. Figure 2 shows the photographs of two samples containing respectively N 2 -H 2 O and CO-H 2 O mixtures. In both cases the sample appears heterogeneously com- posed of transparent and solid areas. The use of Raman spectroscopy is here fundamental to selectively characterize these areas. The Raman spectra reported in Fig. 2 indicate that the transparent areas, where a single band is observed (spectra a and c), are respectively composed in the two samples by fluid N 2 and fluid CO. On the contrary, the presence of a double peak (spectra b and d) reveals that the solid areas are respectively occupied by the corresponding clathrate hydrate. In particular, whereas in the case of nitrogen the Raman data indicate the formation of the clathrate hydrate phase NH-I according to literature data [26, 27] , in the case of carbon monoxide no structural data on the high pressure existence of the carbon monoxide clathrate hydrate are available to support the spectroscopic observation of the second component. These hydrates, as well as those of several hydrocarbons [24, 25] , have been found to react under UV irradiation giving rise to heterogeneous reaction products, in which the presence of bubbles can be directly observed by using an optical microscope. Raman spectroscopy has been used to probe the presence of fluid hydrogen inside the bubbles, by the observation of the characteristic rotational bands [23] .
Reactivity in red phosphorous/water mixtures
Photo-excitation of water molecules in high pressure conditions has been proved to be extremely efficient in inducing a chemical reaction between water and red phosphorus (P red ) [28] . Red phosphorus is less reactive than the white molecular (P 4 ) form and is also less important from an applicative point of view. Nevertheless, due to the higher chemical stability and to the reduced toxicity its employment for the synthesis of organophosphorus compounds would be extremely attractive considering the reduced environmental impact. The heterogeneous water/P red mixture has been proved to be stable at room temperature and high pressure conditions up to 0.6 GPa. However, using the two-photon excitation of water through near UV light, a complex reactivity has been reported to occur, with different products composition and reaction mechanisms, depending on the applied pressure. In Fig. 3 two photographs of a sample before and after irradiation are reported. The occurrence of the reaction is clearly shown by the appearance of bubbles and by the complete consumption of red phosphorus. Besides the presence of the bubbles, dark and transparent regions with typical dimensions of 10-20 μm are present in the sample after the reaction. Raman spectroscopy has been therefore fundamental for different aspects: the characterization of the different areas before irradiation, the identification of the reaction products and, in some cases, the determination of their relative composition. In fact, the Raman spectra acquired on the liquid transparent areas unambiguously indicate the presence of three phosphorus oxyacids: H 3 PO 2 , H 3 PO 3 and H 3 PO 4 . Comparison of the Raman spectrum measured on the transparent areas (marked as b in the upper right panel of Fig. 3) , with the Raman spectra measured on reference solutions (1 M) of the three acids, allows to obtain an estimation of their relative amounts, and to observe how this amount is modified by pressure. Deconvolution of the corresponding Raman spectrum, reported in the central lower panel of Fig. 3 , indicates that the most abundant among the three acids at 0.1 GPa is H 3 PO 3 , whereas at 0.6 GPa H 3 PO 2 is comparably abundant. The amount of H 3 PO 4 , which is the the most stable among the three oxyacids, is the lowest at every pressure. This is a clear indication that in this process reactivity is ruled by kinetics rather than by thermodynamics. The formation of the three acids can be rationalized according to parallel reactive paths instead of a progressive oxidation of phosphorous.
The balance between the number of water molecule or/ and OH radicals required to complete the oxydation and the density (free mean path of the reactive species) determines the final concentration of the products. As the bubbles are concerned (marked as a in the upper right panel of Fig. 3) , the Raman spectra clearly show that they are composed mainly by molecular hydrogen as shown by the characteristic rotational pattern (see left lower panel in Fig. 3 ) and by the observation of the vibrational band. In some bubbles gaseous phosphine, identified by the P-H stretching band at 2330 cm À1 , is also detected. Finally, dark areas (marked as c in the upper right panel of Fig. 3 ) result to be composed, through the analysis of the Raman spectrum (lower right panel of Fig. 3 ), only by unreacted phosphorous.
Synthesis of zeolite based composites
Meso/micro-porous materials such as zeolites are extensively employed in an incredible number of applications including gas separation [30] , gas storage [31] , catalysis [32] and, if suitably functionalized, also as nano-materials in electronics and photonics [33] . In addition to these applications the properties of the zeolite can be modified and also tuned by an appropriate filling of the cavities. Recently, for example, it has been found by means of vibrational spectroscopy and X-ray diffraction that the pores of silicalite can be completely filled by simple molecules such as CO 2 and Ar under pressure, thus preventing pressure-induced amorphization, which generally occurs below 9 GPa, and stabilizing the crystalline framework up to at least 25 GPa at room temperature [34] [35] [36] . Silicalite is an all SiO 2 zeolite characterized, at ambient conditions, by a framework of four-, five-, six-, and ten-membered rings of SiO 4 tetrahedra with 5.5 Å diameter pores [37] . Particularly, the ten-membered rings define a 3D system of channels, two straight and two sinusoidal ones per unit cell. This material has been therefore identified as a neutral non-catalytic matrix which can be filled by a suitable reactant whose compression could result in an extended material filling the zeolite cavities. New nano-composite materials have been successfully produced by this approach demonstrating the irreplaceable role of Raman spectroscopy to characterize both the filling of the cavities and the occurrence of the reaction.
CO 2 in silicalite
In the attempt to synthesize a CO 2 -SiO 2 solid solution a mixture of CO 2 and silicalite was loaded in the DAC in order to try to exploit the large interaction surface of the zeolite with CO 2 . The reaction indeed was found to occur at 18-26 GPa and temperatures as high as 600-980 K, leading to a final product that was identified as a silicon carbonate phase [38] . In order to properly control the reaction, it was first mandatory to check the actual filling of the micro-pores of silicalite by the CO 2 . The Raman spectrum of CO 2 is indeed a very powerful tool to identify the CO 2 confined in the pores of silicalite and to distinguish it from the bulk CO 2 surrounding the silicalite crystals in the sample chamber. In Fig. 4 we report the micro-Raman spectrum of the ν þ line of CO 2 at pressures of 3-21 GPa, obtained from a mixture of CO 2 and silicalite. About half of the total sample thickness (20 μm) was taken by silicalite powder with CO 2 completely filling the pores, whereas the residual space was occupied by bulk, free CO 2 . The strong, sharp peak at 1390-1415 cm À1 belong to the bulk CO 2 (solid phases I and III, depending on pressure); the high pressure shift and broadening of this peak is a typical effect of the increasing intermolecular interaction driven by the increasing density. At slightly lower frequency we can see a weak, partially resolved peak, which is easily assigned to CO 2 confined in the micro-pores of silicalite. The peaks of confined and bulk CO 2 are split with each other by 4-8% in frequency, which indicates that the interaction between the confined CO 2 and the silicalite surface is still in the range of van der Waals forces. Despite the weak interaction at room temperature, high-temperature annealing to 600 K was effective in enhancing the chemical reaction in this kind of samples. In the inset of Fig. 4 it is also reported the Raman spectrum of the ν þ line of CO 2 from a very thin CO 2 /SiO 2 mixed sample with thickness of about 1 μm, which was prepared by a special procedure. The 40 μm thick sample chamber was almost completely filled by a KBr pellet, on the top of which a thin (approximately 1 μm) silicalite pellet was slightly pressed. In the DAC loading procedure, liquid CO 2 filled the pores of silicalite, and the amount of bulk, free CO 2 was very small, as compared to the thick samples. In fact, Raman peaks of confined (asterisk) and bulk CO 2 have an integrated intensity ratio of about 3 for the thin sample, whereas this ratio is about 0.1-0.2 for the thick one. The thin sample was specifically prepared to avoid saturation of the medium IR absorption bands of CO 2 and silicalite, as it was used for the IR characterization of the synthesis of silicon carbonate. We note that KBr is transparent in the medium IR spectral range. In all these measurements we used the Raman backscattering geometry based on a 20 X micro-objective with a depth of focus as small as 10-15 μm, which made the coupling between the incident and the collected light beams with the sample very efficient.
Polymerization of ethylene in silicalite cavities
The properties of the zeolite were permanently modified by polymerizing at high pressure ethylene in the cavities of silicalite so that a a polyethylene/zeolite nano-composite material (PESIL) was recovered once the pressure was released. Indeed, we photo-polymerized ethylene at 0.5-1.5 GPa under UV (351-364 nm) within the channels of silicalite and obtained a unique nano-composite material with drastically modified mechanical properties [39] . The structure obtained contains single polyethylene chains, which adapt very well to the confining channels of the zeolite; it exhibits a significant increase in bulk modulus and density and the thermal expansion coefficient changes sign from negative to positive with respect to silicalite. These findings open the way to the potential high pressure, catalyst free synthesis of a unique generation of technological, functional materials based on simple hydrocarbons polymerized in confining meso/micro-porous solids. The sample was prepared by inserting the silicalite crystal of size of about 40 Â 40 Â 80 μm 3 in the sample chamber that was then filled with dense fluid ethylene, which entered into the pores and also formed a bulk, surrounding domain (inset of Fig. 2) . Similarly to the case of the synthesis of silicon carbonate, in order to control the reaction within the channels of silicalite it was first mandatory to check the filling of the micro-pores by the C 2 H 4 , which is very well done by Raman spectroscopy. In Fig. 5 we report the micro-Raman spectrum of the C¼C stretching line of ethylene at 4.54 GPa measured on a mixture of C 2 H 4 and a silicalite single crystal, this band shows indeed a clear signature of the microconfined molecules (Fig. 2) . The spectrum measured on pure, bulk ethylene (point A in the figure, C 2 H 4 sample thickness of about 40 μm) shows a sharp peak at 1628 cm À1 .
On the other hand, the spectrum measured on the top of the silicalite crystal (point B) which is nearly bridging the two diamond anvils (residual C 2 H 4 thickness of less than 1 μm) is dominated by the broad peak of nano-confined ethylene at about 1641 cm À1 . The bands of bulk and confined ethylene are then split by about 8%, which along with the large width of the band of confined molecules indicates the presence of a moderate interaction between C 2 H 4 and the silicalite wall. This interaction is still in the range of the van der Waals forces and does not lead significant chemical reactivity between ethylene and silicalite. The high transverse (2-3 μm) and longitudinal (10-15 μm) spatial resolutions of the micro-Raman set up not only allowed the efficient coupling between the light and the sample, but it also lead to the accurate mapping of spatial inhomogeneities and, particularly, to distinguish between the bulk and the nano-confined ethylene which was indeed of paramount importance for this kind of samples.
Conclusions
Both recent technical and methodological advances made the employment of the diamond anvil cell technique a reliable and insightful tool in high-pressure chemistry. Here we have described how powerful and even sophisticate can be the syntheses, performed by combining pressures in the GPa range with selective electronic excitation, of attractive new technological materials or valuable chemical species. The control of the reaction conditions and the characterization of the product are mandatory to have insight in the reaction mechanisms at the molecular level.
As far as the characterization of the product is concerned, heterogeneous materials require a high spatial resolution of the spectroscopic, and of course also diffratometric, techniques employed for this purpose. We have shown that Raman spectroscopy is particularly suitable, and through specifically designed optical set-up and accurate selection of excitation lines, a wide range of materials can be investigated. From a technical point of view additional improvements can be envisaged, such as the employment of pulsed laser sources to discriminate the Raman signal from the fluorescence background [18] . Very recently, we have implemented in our set-up a computer controlled motorization of the DAC holder in order to map of the composition in the sample with a micrometric resolution. The latter realization could be extremely useful in understanding the possible catalytic role of the gasket, which could be particularly relevant in high temperature reactions, and to identify connections between the reactant properties, such as crystal quality, and the characteristics of the product.
